We have investigated whether the slowly dissociating component of insulin and human growth hormone (hGH) binding and the homologous down-regulation of their receptors in IM-9 cultured human lymphocytes are due to distinct conformations of the receptor or, rather, to a redistribution within the cell. To do so, we used intracellular K+ depletion, which has been shown to inhibit reversibly coated-pit formation and ligand internalization in some cell lines. IM-9 cells incubated in K+-free buffer after a hypotonic shock rapidly lost their K+, which was stabilized at ±:50% of control by incubation in K+-free binding assay buffer. In KV-depleted 
cells, the hGH dissociation kinetics became monoexponential and, in contrast with control cells, compatible with the equilibrium constant derived from saturation and association data using a simple model. The loss of hGH receptors during competition studies was abolished. The down-regulation by unlabeled hGH was decreased by 80%. In contrast, insulin receptor kinetics remained unchanged (non-first-order) in the KV-depleted cells; the negative cooperativity and the downregulation (60%) were identical to those of control cells. Quantitative electron microscopic autoradiography showed a decrease of ±50% in the fraction of '2I-labeled hGH internalized. The number of visible coated pits in the membrane was reduced by 80%. Thus, in IM-9 cells, association with coated pits and endocytosis appear to play a major role in the kinetics of hGH binding and in the down-regulation of its receptors, but not in insulin-receptor binding kinetics and down-regulation.
In most cases, the interaction of polypeptide hormones and growth factors with their receptors on the cell membrane is complex and does not follow the kinetics predicted from a simple bimolecular and reversible reaction. For example, the dissociation of '25M-labeled human growth hormone (125i-hGH) from IM-9 cultured human lymphocytes (1-4) and isolated rat hepatocytes (5-7) is not first-order; instead, a slow component increases in a time-and temperaturedependent manner until binding becomes irreversible. Paradoxically, however, Scatchard plots of 1251-hGH binding are linear (2, 4, (6) (7) (8) .
To account for the slow component of '25I-hGH dissociation, two distinct mechanisms have been postulated. First, at the level of the receptor itself, there may be a time-dependent generation of a higher-affinity binding state because of a slow conformational change of the receptor (3, 7) . Second, at the level of the cell, hormone-receptor complexes could be sequestered in a compartment inaccessible to standard dissociation procedures (4, 5) . Indeed, it is known that most peptide hormones and growth factors are rapidly internalized at physiological temperatures by receptor-mediated endocytosis (3, 9, 10) . It is difficult by kinetic studies alone to distinguish between these two mechanisms, especially because attempts to suppress internalization have remained unsuccessful until recently (11) .
Another complication stems from the frequent occurrence of a ligand-induced receptor loss or down-regulation, as is the case for insulin (12) and hGH receptors (13) . Down-regulation could arise also either from an irreversible occupancy and compartmentalization of the receptors on the surface (4) or from internalization of the hormone-receptor complex (9) or from both.
To address these issues, we applied to IM-9 lymphocytes a technique recently shown by Larkin et al. (14) to efficiently and reversibly inhibit coated-pit formation in cultured human fibroblasts (i.e., depletion of intracellular K+). This method prevents the internalization of low-density lipoprotein and epidermal growth factor in fibroblasts (14) and the internalization of transferrin and diphteria toxin, but not of ricin, in various cell lines (15) . In the present work, we compared the effects ofK+ depletion in IM-9 cells on hGH receptors, which undergo extensive internalization and down-regulation, and on insulin receptors, which display complex kinetics of a different kind (2) and show down-regulation (12) but little internalization (16 (125I-insulin) and 125I-hGH were prepared and purified by high-performance liquid chromatography as described (17, 18) .
Cell Culture and Potassium Depletion. The IM-9 human lymphocytes were cultured as described (19) . Depletion of intracellular K+ was induced by the method of Larkin et al. (14) . The IM-9 cells were pooled, washed twice with 25 ml of RPMI 1640 culture medium, and incubated for 4 min in 25 ml of hypotonic medium (RPMI 1640/water, 1:1, vol/vol), followed by an incubation for the indicated time periods in 25 ml ofisotonic K+-free medium (buffer A). After that, the cells were transferred to the K+-free medium used for binding experiments (buffer B) and further incubated for 60 min before starting the binding assay. To assess the reversibility of the K+ depletion, cells were incubated in buffer A for either 30 or 60 min and then divided into two portions. One portion was further incubated in the same buffer, and another portion was transferred to a medium containing KCl (buffer C) for up to 60 min. All ofthese steps were conducted at room temperature. Intracellular K+ was measured by flame spectrophotometry (20) . In all binding experiments, control cells were incubated in standard assay buffer C, and KV-depleted cells were incubated in buffer B. Cell viability, as measured by trypan blue exclusion, was >85% after up to 3 hr of incubation in K+-free buffer.
Dissociation of '25I-hGH and ISI-Insulin. The dissociation of bound 125I-labeled hormones was assayed by dilution as described (2) . After 90 min of association at 30'C (80 pM 125I-hGH, 6 x 107 cells per ml), bound 125I-hGH was dissociated at the same temperature in a 1:49 dilution. After 60 min of association at 150C (35 pM 1251-insulin, S x 107 cells per ml), bound 125I-insulin was dissociated at 30°C in a 1:39 dilution, both in the absence and in the presence of 170 nM unlabeled insulin. These dilution factors are sufficient to prevent rebinding of the dissociated tracer (2). Saturation Experiments. Cells (2 x 107 per ml) were incubated at 30°C with a tracer amount (40 pM) of 125I-hGH and increasing concentrations of unlabeled hGH (0-50 nM) for 1 to 6 hr as indicated (total volume, 0.5 ml). Bound and free hormones were separated by centrifugation (8, 19) .
'251-hGH bound in the presence of 0.5 A&M unlabeled hGH was subtracted as nonspecific. The data were analyzed as bound versus total hormone (21, 22) by computer nonlinear curve-fitting using the MLAB program (23) . Although the kinetics of hGH binding to IM-9 lymphocytes are not consistent with a simple bimolecular and reversible reaction, the saturation binding data fitted such a model, which we used to obtain a first approximation of the receptor binding capacity (M.M.I. and P.D.M., unpublished data).
Down-Regulation of hGH and Insulin Receptors. Cells were preincubated in buffer C (control cells) or B (K+-depleted cells) with unlabeled hormone-either hGH (5 nM at 30°C) or insulin (170 nM at 37°C)-for 4 hr. The incubation mixture was then centrifuged (800 x g for 10 min) and washed twice with assay buffer at room temperature (13) . The cells were then allowed to associate with either 40 pM 125I-hGH (300C for 90 min) or 35 pM 125I-insulin (150C for 2 hr). The radioactivity specifically bound to the cells was measured after centrifugation and compared with that bound to cells that had been preincubated in assay buffer alone. Under these conditions, there is no major change in apparent affinity, and the initial ratio of bound/free 125I-hGH is proportional to the binding capacity.
Electron Microscopy and Autoradiography. Cells (control, K+-depleted, and after K+ repletion) were incubated in appropriate buffers with 0.5 nM '25I-hGH for 90 min, 3 hr, or 6 hr at 30'C, washed twice at 40C, and fixed in 2.5% glutaraldehyde/0.1 M cacodylate buffer, pH 7.4, at room temperature for a minimum of 30 min. Cells were then dehydrated in graded ethanol, embedded in Epon, and processed for electron microscopic autoradiography (16) . In each experimental condition, a minimum of 180 autoradiographic grains were counted at a final magnification of x56,000. Grains were attributed to the pericellular surface or to internal structures, depending on whether their center was located at less or more than 250 nm from the cell surface, respectively (16) . The number of coated pits per Am of plasma membrane was quantitated on cells incubated for 90 min at 30'C (see above). In each condition, membrane segments of at least 100 cells were photographed at an initial magnification of x17,400. Random sampling was done by photographing the lymphocyte segment closest to each corner of 25 The time course of dissociation of 125I-insulin at 30'C either by dilution alone or by dilution plus addition of 170 nM unlabeled insulin is shown in Fig. 2B . Both curves have a biphasic pattern, with unlabeled insulin inducing a marked acceleration of the dissociation as previously shown (2). K+ depletion had no effect on this dissociation pattern.
Saturation Experiments. Control cells were incubated for 1-6 hr with 40 pM 125I-hGH and increasing concentrations of unlabeled hGH. The Scatchard plots (not shown) remained linear at all times with a progressively increasing slope and decreasing capacity. The binding capacity was derived by computer analysis of the saturation curves (not the Scatchard plots) as explained in Materials and Methods. The apparent number of hGH binding sites (Fig. 3) decreased with time from 4365 per cell after 1 hr to 1957 after 6 hr. The data fit a monoexponential expression (r = 0.94), which extrapolates to an initial value of 4500 sites per cell.
In contrast, the K+-depleted cells did not lose any binding capacity for up to 6 hr at 30'C. The apparent number of sites remained constant at about 4700 sites per cell, close to the value extrapolated to time zero in the control cells.
Down-Regulation of hGH and Insulin Receptors. When control cells were preincubated with 5 nM unlabeled hGH for 4 hr at 300C, the fraction of tracer bound in a subsequent 90-min incubation at the same temperature decreased by 80o (Fig. 4) , in agreement with the well-known down-regulation ofhGH receptors under these conditions (13) . In contrast, the 11n contrast with control cells, the association kinetics in K+-depleted cells was found by computer analysis (22, 23) In similar experimental conditions, the number of coated pits per um of plasma membrane was decreased by about a factor of 6 (0.02 ± 0.01, n = 116 versus 0.11 + 0.02, n = 106; P < 0.001) in K+-depleted cells as compared to control cells. In cells that recovered from K+ depletion, the number of coated pits returned to normal (0.13 ± 0.01, n = 107). postulated that the binding exhibits negative cooperativityi.e., an insulin-induced affinity change due to a shift between two kinetic states with apparent affinity constants denoted by "K&" and "Kf" (for "empty" and "filled" states). An added complexity, not explained by negative cooperativity, is that the dissociation kinetics by either dilution alone or dilution plus unlabeled insulin are not first order (monoexponential) (24) . By assuming the existence of a single class of sites (24, 25) , the presence of the slowly dissociating component requires us to postulate at least one more degree of complexity in the minimal number of kinetic states that fit the, data-i.e., a "Ksuper" or "tight-binding" state (24, (26) (27) (28) . However, this tight binding remains fully reversible with time by addition of unlabeled insulin in IM-9 cells (29) .
DISCUSSION
hGH binding in IM-9 cells seems at first simpler than insulin binding in that it displays linear Scatchard plots (8) and no acceleration ofdissociation by unlabeled hormone (2) . However, the dissociation is not monoexponential either, and the proportion of the slowly dissociating component increases with time until, in contrast to insulin, the binding becomes essentially irreversible after 6 hr of association (M.M.I. and P.D.M., unpublished data). This combination of saturation and kinetic data is consistent with the presence of at least two kinetic steps of binding (30) , which may be denoted as "Ke" and "Ksuper" states by analogy with the insulin model.
We tried to address in this paper whether these so-called "kinetic states" represent distinct conformations of the receptor or, rather, a redistribution within the cell (i.e., through ligand-mediated endocytosis) into compartments from which the hormone cannot be dissociated into the medium. We addressed the same question about the downregulation of the two receptors by the homologous hormone.
Depletion of the cellular K+ modified markedly the dissociation kinetics of hGH by abolishing the slow component, whereas the kinetics of insulin dissociation remained unaltered. Similarly, the loss of hGH receptors with time of incubation was completely prevented by K+ depletion, and the down-regulation induced by preincubation with unlabeled hGH was reduced by 80%. In contrast, the down-regulation of insulin receptors by insulin was not changed.
Depletion of the cellular K+ has been shown to inhibit coated-pit formation and internalization of low-density lipoprotein, epidermal growth factor (14) , transferrin, and diphteria toxin (15) in various cell lines. In the present study, quantitative electron microscopy similarly showed a marked decrease in the number of coated pits at the surface of K+-depleted cells as well as a significant reduction (+50%) in the proportion of '25I-hGH internalized in the same experimental conditions. Thus, it seems plausible to ascribe the observed changes in '25I-hGH binding-i.e., loss of the slow kinetic component and lack of down-regulation of the hGH receptors-either to an inhibition of hGH association with coated pits or to a reduction of the subsequent internalization step, or both.
The fraction of '25I-hGH internalized in the IM-9 cells after K+ depletion (23-25%) is consistent with the small degree of down-regulation that is still observed in these cells (15% of tracer). In contrast, the degree of down-regulation in control cells (80%) exceeds the observed fraction of internalized '251-hGH (40-46%), suggesting that half of the down-regulation is due to irreversible association of hGH with receptors still on the surface, most likely in coated pits.
In reinforced by the demonstration that the Ksupcr state is rapidly induced by some structural analogues of insulin (32) . This issue will soon be more precisely addressed by site-directed mutagenesis of a receptor expressed by transfecting cells with the cloned receptor cDNA (33, 36) . The failure of K+ depletion to decrease the down-regulation of insulin receptors is consistent with the reported weak internalization of insulin in IM-9 cultured lymphocytes (16) . This finding suggests that the down-regulation of insulin receptors in IM-9 lymphocytes is occurring through a different mechanism-e.g., shedding (12, 34) . Alternatively (35) , the down-regulation may still be mediated through the association with coated pits and internalization, which occurs in these cells with such a slow turnover rate that the small number of coated pits remaining after K+ depletion may still be sufficient to mediate this process. This would explain why the down-regulation is much slower and requires much higher hormone concentrations for insulin than for hGH receptors, which have a fast turnover.
